The silicon-on-insulator diaphragm structure is a combined structure of the silicon dioxide and silicon layer. This work presents a new method to estimate the deflection response of silicon with that of a silicon-on-insulator (SOI) diaphragm structure, based on the burst pressure design approach. It also evaluates the output voltage of the diaphragm under two different conditions, flipped and un-flipped. The new modified analytical model developed and presented in this paper for describing the load deflection of SOI diaphragm is able to predict the deflection accurately when compared with the results obtained by finite element analysis CoventorWare®.
Introduction
A wide range of improvement in the silicon integrated circuits and micromachining technology has enabled the development of various sensing instruments. The micro electro mechanical system (MEMS) pressure sensors are the most widely used MEMS devices and they constitute a major share in the MEMS market [1] . The design of MEMS piezoresistive pressure sensor extensively adopts finite element analysis (FEA) to realize stress distribution for reliability, sensitivity, and non-linearity [2] . Most of the piezoresistive pressure sensors use silicon as a diaphragm and piezoresistive property of silicon or polycrystalline silicon to sense the pressure [3] [4] [5] . A silicon MEMS pressure sensor which changes the capacitance as a sensing mechanism has been widely reported [6] [7] [8] . The use of a square diaphragm for pressure sensing is preferred because it has better sensitivity than a circular diaphragm [9] . Piezoresistive gauges aligned in the (111) direction on a {110} plane square diaphragm with central boss was found to give better sensitivity [10] . By knowing the pressure range, which is a design specification, the sensitivity of a piezoresistive sensor can be optimized by optimizing the diaphragm thickness and other dimensions. When a thin diaphragm is subjected to high pressure, it may result in large deflections and will induce non-linearity [11] . Based on the silicon piezoresistive effect and properties of elasticity, one can manufacture pressure sensors by microelectronic integrated manufacturing techniques. Piezoresistivity is a material property in which the bulk resistivity is influenced by the mechanical stress applied to the material. The resistivity of a material depends on the internal atom positions and their motions. Strain changes the arrangement of atoms and hence the bulk resistivity. Moreover, the MEMS technology allows more electronics to be fabricated on the same chip [12] along with a transducer for compact and more built-in intelligence features. Figure 1 shows the placement of piezoresistors on a silicon pressure sensor diaphragm that can be manufactured by using the surface micromachining technology. By changing the position of piezoresistors, the output voltage of the bridge can be changed so that there is an improvement in the sensitivity. It has been reported that the longitudinal and transversal gauges can be divided into two or more parts in order to improve the sensor sensitivity [13] . The placement of piezoresistors (R 1 -R 4 ) is such that each resistor is placed at the maximum stress locations on the diaphragm as shown in Fig. 1 . These four piezoresistors are connected in a wheat stone bridge configuration. When a pressure is applied, due to the induced stress, the resistance of resistor changes and the bridge is out of balance which results in an output voltage. If V in is the input voltage to the bridge, the output voltage V out which is proportional to the applied pressure is given by (1) . When a pressure is applied, the diffused piezoresistors on the top of the silicon layer sense the induced stress. 
In order to achieve a better sensitivity, optimizing the load-deflection characteristics of the diaphragm is the most important requirement. The diaphragm thickness should be as low as possible for a higher sensitivity. However, the diaphragm thickness should be designed in such a way that the continuous application of the maximum allowable pressure should not damage the diaphragm. In this condition, the resultant induced stress should be less than the maximum induced stress. By considering the burst pressure, one can reduce the non-linearity in the diaphragm if the deflection of the diaphragm is limited to one fifth of the diaphragm thickness. An applied pressure (P) in Pascal sensitivity can be expressed as
For a given burst pressure, an effective design should result in higher sensitivity by maximizing a pressure-deflection response considering both side length and thickness of a diaphragm. The systematic design methodology for the deflection of silicon on insulator (SOI) pressure sensors is rarely reported in the literature even though the fabrication of pressure sensors realized on silicon on insulator wafers have been widely reported. An effective design should attempt to achieve higher sensitivity by maximizing pressure-deflection response considering both side length and thickness for the given burst pressure. Higher sensitivity can be achieved by implementing the double diaphragm based pressure sensors [14] . The existing theory for the deflection response of the stacked diaphragm structure evaluates the deflection only at the maximum point [15] . The new method presents a different approach to design a high sensitive diaphragm type pressure sensor that uses an insulator on the diaphragms. The thickness of insulator plays an important role in the deflection. By varying the thickness of the insulator, the deflection can be varied, and as a result the sensitivity changes. If silicon dioxide is used as the insulator, the oxide is called as the buried oxide (BOX).
Design criteria in MEMS pressure sensor
The load deflection method that describes the relation between the displacement and applied pressure for a flat square diaphragm is given by (3) [16] .
where E is Young's modulus, ν is Poisson's ratio of the diaphragm material, l is the side length of the diaphragm in µm, and h is the diaphragm thickness in µm. According to the load-deflection method, the deflection range is divided into two regions, namely, a small deflection region (deflection less than 25% of the diaphragm thickness) described by the linear term in (3) and a large deflection region (deflection greater than 25% of the diaphragm thickness) described by the non-linear, cubic term in (3). Due to symmetry, the square diaphragm has the highest induced stress for a given applied pressure. Thus the square diaphragm is preferred for the design of a pressure sensor. For a square plate clamped at the edges, the maximum stress (σ max ) [17] at the center of the each edge is given by (4). 
The deflection and stress on the diaphragm play an important role in analyzing the performance of the diaphragm.
Performance analysis of MEMS pressure sensor
The pressure sensors work on the principle of mechanical deformation and stress, induced by the application of the applied pressure. The deformation induces stresses which are then converted into the electrical signal output through some means of transduction. The pressure sensors have evacuated cavity which is generated by some means of micromachining on one side of the diaphragm. The deflection analysis of diaphragm having a side length of 500 µm and thickness of 15 µm for a burst pressure of 10 MPa is shown in Fig. 2 . The maximum pressure applied is 0.9 MPa which is less than the one tenth of the burst pressure used for calculating the minimum diaphragm thickness. The maximum stress induced is one tenth of the fracture stress as expected. FEA tool CoventorWare® is used to build the pressure sensor structure and the results predict the deflection. The deflection in the diaphragm as a function of applied pressure is shown in Fig. 2 . A comparison between analytical and FEA simulations is done and is shown in Fig. 2 . It can be noted that the analytical results and FEA simulations match pretty well. For a square diaphragm, the maximum displacement is at the center of the diaphragm, and the maximum stress location is at the center of the edge.
Merit of SOI over silicon diaphragm
The schematic cross section of an SOI technology based MEMS pressure sensor implemented by the surface micromachining process is shown in Fig. 3 . The conventional silicon diaphragm is realized by bulk micromachining, and the vertical and horizontal edges of the diaphragm are essentially an integral part of the substrate. In contrast to this, the diaphragm in the SOI pressure sensor is realized by surface micromachining and the vertical and horizontal edges of the diaphragm are not an integral part of the substrate.
The total thickness h of the diaphragm is the sum of insulator thickness h 1 and silicon layer thickness h 2 as shown in Fig. 3 . The piezoresistors are diffused on the top silicon layer which senses the induced stress. In the present work, the diaphragm material is made of n-type doped silicon. The implanted piezoresistors in the diaphragm are p-type doped silicon. The n-diaphragm and p-piezoresistor form a pn junction. The pn junction isolates the electrical path between the diaphragm and resistor. The advantages of the SOI diaphragm are that the pn junction leakage current can be reduced to zero. So that greater deflection and sensitivity is obtained from SOI diaphragm structures. Fig. 4 shows the deflection of SOI and silicon diaphragms for the same dimensions (500 µm, 600 µm, and 700 µm) and the same applied pressure. From Fig. 4 , it can be noted that the deflection in an SOI diaphragm is more when compared with the silicon diaphragm with the same dimensions. In order to analyze the deflection, three structures having different dimensions have been considered. It is also found that the output voltage of the pressure sensor using an SOI diaphragm is greater than that of the silicon diaphragm since the deflection obtained is greater in the SOI diaphragm. Hence, the sensitivity of the SOI diaphragm increases when compared with that of a silicon diaphragm.
Issues with the application of load deflection formulae to the SOI structure
There are issues with applying the above said theory to pressure sensors realized on the SOI structure depicted in Fig. 3 . The direct application of the existing analytical model to the SOI structure may not be accurate since the buried SiO 2 layer between the substrate and the diaphragm is not considered in this model. In such a situation, FEA is an efficient design tool since it can estimate the deflection and total stress developed in the diaphragm irrespective of the structure and dimensions of the various layers. Fig. 5 shows the deflection of an SOI diaphragm with a side length 500 µm and a total diaphragm thickness of 15 µm. The buried oxide thickness is 10% of the total diaphragm thickness. The deflection shows a linear variation over the applied pressure ranges, and this indicates that the diaphragm is in a small deflection regime. For a side length of 500 µm and total diaphragm thickness of 15 µm, the deflection increases as the percentage of SiO 2 layer increases. It should be noted that the total thickness of the SOI diaphragm "h" remains constant, and a change in h 1 results in a change in h 2 . The FEA simulation results having various SiO 2 thicknesses are shown in Fig. 6 . By increasing the SiO 2 thickness, the deflection increases, and also it is evident that the SiO 2 thickness has a significant role in deciding the deflection of the diaphragm. 
Analysis of flipped structure
In order to analyze the deflection, a flipped diaphragm structure is considered which is shown in Fig. 7 . A flipped diaphragm is formed by stacking the silicon layer first and stacking the oxide layer on the top of the silicon layer. The performances of a flipped and un-flipped (ordinary) diaphragm structure such as deflection in a diaphragm, and the sensor output voltage are studied. Comparing Figs. 3 and 7 , the main difference between flipped and un-flipped diaphragms is the relative position of Si and SiO 2 layers. There is no difference in the design parameters or the structural dimensions between the flipped and un-flipped diaphragms. The design parameters and material parameters used in this study are listed in Table 1 . Fig. 8 shows a comparison of the deflection between flipped and un-flipped diaphragms with a side length of 500 µm, a total diaphragm thickness of 15 µm, and an applied pressure of 0.9 MPa. In the flipped structure, as the thickness of the insulation layer increases, the deflection increases as the pressure increases as shown in Fig. 8 , and then it saturates at higher values of an applied pressure. When compared with an un-flipped diaphragm, the deflection in the flipped diaphragm remains exactly matched with that of the un-flipped diaphragm. As shown in Fig. 9 , the sensor output voltage is significantly smaller in the case of flipped structure.
There is a significant difference in the output voltage of the flipped diaphragm structure when compared with that of the un-flipped diaphragm structure. The difference in the behavior between the flipped and un-flipped diaphragm structures can be explained in the following way. In the flipped structure, the stress is first transferred into an SiO 2 layer which is amorphous and then into the silicon layer. As the stress relaxes in the SiO 2 layer, the piezoresistors encounter less stress, thus reducing the output voltage of the sensor. Since the diaphragm dimensions and materials used for the flipped structure are the same as that for the un-flipped structure, the structural rigidity of both the diaphragms is the same. Hence the deflection of the flipped structure is the same as that of the un-flipped diaphragm structure for different oxide layer thicknesses. As shown earlier in Fig. 9 , as the oxide layer thickness increases initially the deflection increases and gets saturated at high insulation layer thicknesses. In the case of flipping structure, the stress is more relaxed when compared with the stress in the un-flipped structure. This is due to the fact that in the flipped structure the stress is generated by an amorphous material while in the case of un-flipped structure the stress is resulted from a crystalline layer. Thus, it can be concluded that the difference in the stress generation is responsible for the huge change in the sensor output voltage. 
Analytical model for the deflection of SOI diaphragm
The results of the burst pressure based design approach can be said to be valid only if the results predicted by FEA simulation matches with the results predicted by the analytical model. The authors have used both approaches to validate the simulation results presented in this paper. Fig. 10 shows the condition of a bar or diaphragm under the action of an axial force. The load or pressure is applied uniformly along the whole length of the diaphragm. The magnitude of s is such as to prevent the ends of the bar moving along the axis. For a uniformly loaded diaphragm with simply supported edges, the bending moment at any cross section of the strip is given by (6) [17] . 2 2 2
where s is the axial force, P is the applied load, l is the length of the plate, and w is the displacement. For a thin plate, the flexural rigidity D of the diaphragm can be expressed as
Substituting (6) into (7), we have 
The constants of integration C 1 and C 2 can be determined from the conditions at the ends of the SOI diaphragm. The deflection of the diaphragm at the ends are zero i.e., w=0 for x=0 and x=l. The deflection is the maximum at the center of the diaphragm and can be obtained by substituting x=l/2 in (11). 
The bending rigidity of the composite diaphragm is given by (12) [18] .
( ) ( ) where f 0 (u) needs to be determined graphically [17] . The final expression for the maximum deflection by substituting D can be expressed as that in (14) .
( ) ( ) .
The load deflection relation has been used to estimate the deflection analytically and compared with the FEA simulation results. The same Young's module (E), Poisson ratio (ν), and density (ρ v ) of the SiO 2 and the silicon layers of the diaphragm assumed in the FEA simulation studies have also been used in the analytical calculations. The analytical deflection values obtained at different pressures using the modified analytical model reported in this paper have been analyzed along with the deflection obtained through FEA simulation studies. Fig. 11 shows the deflection of diaphragm having a dimension of side length ( l ) of 500 µm and total diaphragm thickness (h) of 15 µm, which is found to be more for the diaphragm with BOX. The analytical deflection values obtained at different pressures using the modified analytical model have been analyzed with different thicknesses of 4.5 µm and 3 µm. From Fig. 12 , it is clear that the deflection increases with the BOX thickness. Figure 13 shows the deflection for a side length of 500 µm and a thickness of 15 µm with a particular BOX thickness. In addition to the results reported in the literature, this work evaluates the deflection at every point on the diaphragm as shown in Fig. 14 . Compared with the results reported in the literature, which is the only reported one for a stacked diaphragm, this is a new approach for deflection analysis. Comparison of the present work with the existing work is summarized in Table 2 . [15] .
Expression for deflection
Analysis of sensor diaphragm Narayanswami et al. [15] Evaluates the maximum deflection of the diaphragm Evaluates the deflection of un-flipped diaphragm
New analytical expression
In addition to the maximum deflection, evaluates the deflection along the whole length of the diaphragm
Evaluates the deflection of both flipped and un-flipped diaphragms
